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Abstract
Ernst Haeckel based his landmark Tree of Life on the supposed ontogenic
recapitulation of phylogeny, i.e. that successive embryonic stages during the
development of an organism re-trace the morphological forms of its ancestors
over the course of evolution. Much of this idea has since been discredited.
Today, phylogenies are often based on families of molecular sequences. The
standard approach starts with a multiple sequence alignment, in which the
sequences are arranged relative to each other in a way that maximises a
measure of similarity position-by-position along their entire length. A tree (or
sometimes a network) is then inferred. Rigorous multiple sequence alignment is
computationally demanding, and evolutionary processes that shape the
genomes of many microbes (bacteria, archaea and some morphologically
simple eukaryotes) can add further complications. In particular, recombination,
genome rearrangement and lateral genetic transfer undermine the assumptions
that underlie multiple sequence alignment, and imply that a tree-like structure
may be too simplistic. Here, using genome sequences of 143 bacterial and
archaeal genomes, we construct a network of phylogenetic relatedness based
on the number of shared -mers (subsequences at fixed length ). Our findingsk k
suggest that the network captures not only key aspects of microbial genome
evolution as inferred from a tree, but also features that are not treelike. The
method is highly scalable, allowing for investigation of genome evolution across
a large number of genomes. Instead of using specific regions or sequences
from genome sequences, or indeed Haeckel’s idea of ontogeny, we argue that
genome phylogenies can be inferred using -mers from whole-genomek
sequences. Representing these networks dynamically allows biological
questions of interest to be formulated and addressed quickly and in a visually
intuitive manner.
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Introduction
Ernst Haeckel coined the term Phylogenie to describe the series of 
morphological stages in the evolutionary history of an organism or 
group of organisms1. In his Tree of Life published 150 years ago2, 
Haeckel postulated that living organisms trace their evolutionary 
origin(s) along three distinct lineages (Plantae, Protista and 
Animalia) to a “common Moneran root of autogonous organisms”. 
In some (but not all) later works (e.g. in 18683) he allowed that 
different Monera may have arisen independently by spontaneous 
generation. Either way, these views accord with the Larmackian 
notion of a built-in direction of evolution from morphologically 
simple “lower” organisms to more-complex “higher” forms4.
Haeckel through his “Biogenetic Law” advocated that “ontogeny 
recapitulates phylogeny”2: that the embryonic series of an 
organism is a record of its evolutionary history. Under this view, 
morphologies observed at different developmental stages of an 
organism resemble and represent the successive stages (includ-
ing adult stages) of its ancestors over the course of evolution. Of 
course, he worked before the advent of genetics and the modern 
synthesis, and before it was appreciated that information on 
hereditary is carried by DNA and can be recovered by sequencing 
and statistical analysis. He could not have foreseen that these 
DNA sequences code for other biomolecules and control life proc-
esses, including his beloved developmental series and organismal 
phenotype, through vastly complex molecular webs of interac-
tions. Nor could Haeckel have envisaged the scale of phylogenetic 
analysis that can be carried out today using these DNA sequences 
across multiple genomes, made possible by the advent of 
high-throughput sequencing and computing technologies.
Fast-forwarding 150 years, phylogenetic inference based on com-
parative analysis of biological sequences is now a common practice. 
The similarity among sequences is commonly interpreted as evi-
dence of homology5,6, i.e. that they share a common ancestry. From 
the earliest days of molecular phylogenetics, multiple sequences 
have been aligned7,8 to display this homology position-by- 
position along the length of the sequences. That is, the residues 
are arranged relative to each other such that the best available 
hypothesis of homology is achieved at every position (column) 
of the alignment. By default, it is assumed that the best alignment 
can be achieved simply by displaying the sequences in the same 
direction, and inserting gaps where needed (to represent insertions 
and deletions). This assumption is largely valid when working 
with highly conserved orthologs of any source, and with exons or pro-
teins of morphologically complex eukaryotes. However, microbial 
genomes are often affected by recombination and rearrangement9, 
undermining the assumption of homology along adjacent positions, 
while lateral genetic transfer would not be represented by a 
common treelike process10–13. As Haeckel observed when he drew 
his Tree2, biological evolution can be anything but straightforward, 
and these complications have become ever more-complicated14,15.
Alternative approaches for inferring and representing phylogenies 
are available. An attractive strategy that addresses the issue of 
full-length alignability is to compute relatedness among a set 
of sequences based on the number or extent of k-mers (short 
sub-sequences of a fixed length k) that they share. Such approaches 
avoid multiple sequence alignment, and for this reason are termed 
alignment-free. As opposed to heuristics in multiple sequence 
alignment, these methods provide exact solutions. Various modi-
fications are available, e.g. the use of degenerate k-mers, scoring 
match lengths rather than k-mer composition, and grammar-based 
techniques; see recent reviews16,17 for more detail. Methods for 
inferring lateral genetic transfer have also been developed18,19. 
Importantly, evolutionary relationships can also be depicted as a 
network, with taxa and relationships represented respectively as 
nodes and edges20–24, rather than as a strictly bifurcating tree. Using 
simulated and empirical sequence data, we recently demonstrated 
that alignment-free approaches can yield phylogenetic trees that 
are biologically meaningful25–27. We find that these approaches are 
more robust to genome rearrangement and lateral genetic trans-
fer, and are highly scalable25,26, a much-desired feature given the 
current deluge of sequence data facing the research community28. 
Here we extend the alignment-free phylogenetic approaches 
on 143 bacterial and archaeal genomes to generate a network of 
phylogenetic relatedness, and assess biological implications of this 
network relative to the phylogenetic tree. The phylogenetic rela-
tionships among these genomes have been carefully studied using 
the standard approach based on multiple sequence alignment10 and 
an alignment-free approach25; this dataset thus provides a good 
reference for comparison.
Methods
Using 143 complete genomes of Bacteria and Archaea25, we 
inferred the relatedness of these genome sequences using an 
alignment-free method based on the 2SD  statistic29,30. We computed 
a 2
SD  distance, d for each possible pair of 143 genomes based on 
the presence of shared 25-mers using jD2Stat version 1.0 (http://bio-
informatics.org.au/tools/jD2Stat/)26 and following Bernard et al.25. 
Here the distance d is normalised based on genome sizes 
and the probabilities that corresponding k-mers occur in the 
compared sequences29,30; d ranges between 0.0 (i.e. two genomes are 
identical) and 15.5 (< 0.0001% 25-mers are shared between the two 
genomes). For a pair of genomes a and b, we transformed dab into a 
similarity measure Sab, in which Sab = 10 – dab. We ignore instances 
of d >10, as these pairs of sequences share ≤ 0.01% of 25-mers 
(i.e. there is little evidence of homology). To visualise the 
phylogenetic relatedness of these genomes, we adopted the D3 
JavaScript library for data-driven documents (https://d3js.org/). 
In this network, each node represents a genome, and an edge 
            Amendments from Version 1
In this revision, we have rewritten part of the Abstract and 
Introduction to clarify that (a) phylogenetic approaches based 
on multiple sequence alignment do not exclude inference of a 
network, (b) multiple sequence alignment is computationally 
demanding, and that (c) phylogenetic inference is complicated 
by non-treelike evolutionary processes that shape microbial 
genomes. In Results and discussion, we have now provided 
justification for using the 143-genome dataset in this work, and 
have made explicit the scope of this study. We have also cited 
a number of additional publications in the areas of phylogenetic 
networks and alignment-free methods. 
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connecting two nodes represents the qualitative evidence of shared 
k-mers between them. We set a threshold function t for which only 
edges with S ≥ t are displayed on the screen. Changing t dynami-
cally changes the network structure. The resulting dynamic network 
is available at http://bioinformatics.org.au/tools/AFnetwork/.
Results and discussion
Figure 1 shows the phylogenetic tree of the 143 Bacteria and 
Archaea genomes that we previously inferred using an alignment-
free method based on the 2SD  statistic29,30. In an earlier study10, a 
supertree was generated for these genomes, summarising 22,432 
protein phylogenies. Incongruence between the two trees was 
observed in 42% of the bipartitions, most of which are at terminal 
branches25. The alignment-free tree (Figure 1) recovers 13 out of 
the 15 “backbone” nodes10, distinct clades of Archaea and Bacteria, 
a monophyletic clade of Proteobacteria, and the lack of resolu-
tion between gamma- and beta-Proteobacteria, in agreement with 
previously published studies; as such, this tree captures most of the 
major biological groupings of Bacteria and Archaea as presently 
understood.
Figure 1. The alignment-free phylogenetic tree topology of the 143 Bacteria and Archaea genomes based on  2
SD  statistic, modified 
based on the tree in Bernard et al.25; jackknife support at each internal node is shown. Each phylum is represented in a distinct colour, 
and the backbones identified in Beiko et al.10 are shown on the internal node with black filled circles. The association of Coxiella burnetii and 
Nitrosomonas europaea is marked with an asterisk.
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Figure 2 shows the network of phylogenetic relatedness of the same 
143 genomes; a dynamic view of this network is available at http://
bioinformatics.org.au/tools/AFnetwork/. As in our tree (Figure 1), 
Archaea and Bacteria form two separate paracliques; even at t = 0, 
we found only one archaean isolate (the euryarchaeote Methano-
caldococcus jannaschii DSM 2661) linked to the bacterial groups 
Thermotogales and Aquificales25. Upon reaching t = 3, most of the 
14 phyla have formed distinct densely connected subgraphs in our 
network, i.e. Cyanobacteria and Chlamydiales form cliques at t = 1.5 
and all subgroups of Proteobacteria form a large paraclique with the 
Firmicutes at t = 2. Four Escherichia coli and two Shigella isolates, 
known to be closely related, form a clique up to t = 8.5. Interest-
ingly, this network also showcases the extent that genomic regions 
are shared among diverse phyla, e.g. the high extent of genetic 
similarity among Proteobacteria versus the low extent between 
Chlamydiales and Cyanobacteria. Our observations largely agree 
with published studies10,25, but also highlight the inadequacy of 
representing microbial phylogeny as a tree. For instance, in the tree 
Coxiella burnetii, a member of the gamma-Proteobacteria, is grouped 
with Nitrosomonas europaea of the alpha-Proteobacteria (marked 
with an asterisk in Figure 1); in the network, the strongest connec-
tion of C. burnetii is with Wigglesworthia glossinidia, a member 
of the gamma-Proteobacteria (marked with an asterisk in Figure 2) 
at t = 2. Both W. glossinidia and C. burnetii are parasites; the 
W. glossinidia genome (0.7 Mbp) is highly reduced31 and the 
C. burnetii genome (2 Mbp) is proposed to be undergoing 
reduction32. As both the tree (Figure 1) and network presented here 
were generated using the same alignment-free method, the contra-
dictory position of C. burnetii is likely caused by the neighbour-
joining algorithm used for tree inference25. In this scenario, the 
C. burnetii genome connects with N. europaea because it shares 
high similarity with N. europaea and Neisseria genomes of the 
beta-Proteobacteria (S between 1.43 and 1.68), second only to 
W. glossinidia (S = 2.05), and because it shares little or no similarity 
with other genomes of gamma-Proteobacteria that are closely 
related to W. glossinidia, i.e. Buchnera aphidicola isolates (average 
S = 0.63) and “Candidatus Blochmannia floridanus” (S = 0).
By changing the threshold t, we can dynamically visualise changes 
in the network structure. These changes are not random, but appear 
to correlate to the evolutionary history of the species. At t = 0, 
Archaea and Bacteria form two distinct paracliques, linked only by 
two edges, and the Planctomycetes isolate forms a singleton. When 
we increase t from 1 to 2, the Archaea and Bacteria paracliques 
quickly dissociate from each other; within the Bacteria, cliques of 
Chlamydiales and Cyanobacteria are formed and the Spirochaetales 
become isolated. Going from t = 2 to t = 3 we observe a scission 
between Firmicutes and Proteobacteria, and at t > 3 all classes of 
Proteobacteria start to form respective paracliques. The separation 
(as t is incremented) of a densely connected subgraph involving all 
representatives of a phylum, from the rest of the network mimics 
the divergence of this phylum from a common ancestor. Because 
the similarity measures do not have a unit (such as number of 
substitutions per site), it is not straightforward to interpret S as an 
evolutionary rate or divergence time. A comprehensive comparative 
analysis between our network here and one that is generated using 
multiple sequence alignment is beyond the scope of this work. 
However, our findings suggest that our alignment-free network 
yields snapshots of biologically meaningful evolutionary relation-
ship among these genomes, and that increasing the threshold based 
on the proportion of shared k-mers recapitulates the progressive 
separation of genomic lineages in evolution.
Figure 2. Alignment-free phylogenetic network of the 143 Bacteria and Archaea genomes based on  2
SD  statistic using 25-mers, at 
t = 2. Each phylum is represented in a distinct colour, each node represents a genome and an edge represents a qualitative evidence 
of shared 25-mers between two genomes. The association between Coxiella burnetii and Wigglesworthia glossinidia is marked with an 
asterisk.
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The alignment-free network reconstructed using whole-genome 
sequences thus recovers phylogenetic signals that cannot be cap-
tured in a binary tree. Using this approach, we generated the 
network in < 30 minutes; a whole-genome alignment of 143 
sequences would have taken days, and even then, the alignment 
would be difficult to interpret given the genome dynamics in 
Bacteria and Archaea9–13,33. One can imagine inferring a network 
of thousands of microbial genomes in a few hours using distrib-
uted computing. More importantly, the network can be visualised 
dynamically, explored interactively and shared.
Other biological questions could be addressed by linking the 
k-mers to their genomic locations and annotated genome features, 
e.g. in a relational database34. For instance, we could use such a 
database to compare thousands of isolates and identify core gene 
functions for a specific phylum or genus, or exclusive versus non-
exclusive functions in bacterial pathogens, in a matter of seconds. 
We can also use k-mers to quickly search for biological information 
e.g. functions relevant to lateral genetic transfer, recombination or 
duplications.
In contrast to Haeckel’s “Biogenetic Law”, k-mers used in this way 
recapitulate phylogenetic signal, not ontogeny. Alignment-free 
approaches generate a biologically meaningful phylogenetic 
inference, and are highly scalable. More importantly, represent-
ing alignment-free phylogenetic relationships using a network 
captures aspects of evolutionary histories that are not possible in 
a tree. As more genome data become available, Haeckel’s goal of 
depicting the History of Life is closer to reality.
Data availability
The 143 Bacteria and Archaea genomes used in this work are the 
same dataset used in an earlier study25, available at http://dx.doi.
org/10.14264/uql.2016.90835. The dynamic phylogenetic network 
of these genomes is available at http://bioinformatics.org.au/
tools/AFnetwork, with the source code available at http://dx.doi.
org/10.14264/uql.2016.95236 
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The manuscript uses -mers from whole-genome sequences to recapitulate phylogenetic relationshipsk
from trees to networks. The analyses seemed to be convincing, and of general interest. I just have some
comments on the manuscript structure and some other minor suggestions.
The authors used Ernst Haeckel’s phylogeny and Biogenetic Law to start their manuscript. Although it is
fun to read all these historical pieces, the link between Haeckel’s ideas and the construction of networks
using -mers was not made strong in the current version of the manuscript.k
The authors compared alignment-free data against sequence alignments, and stated that the sequence
alignment approach “ignores important evolutionary processes that are known to shape the genomes of
microbes” followed by mentioning recombination, genome rearrangement, and lateral gene transfer. This
is not accurate, as sequence alignments can also be used to reconstruct web-like phylogenetic
relationships, which are sometimes called phylogenetic networks (e.g., Huson and Bryant 2006). I think it
is important to carefully define and compare the networks mentioned in this manuscript and the
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events, such as recombination, genome rearrangement, and lateral gene transfer, that are difficult to
study using sequence alignments, but did not provide detailed evidence on whether -mers can tacklek
them all. I suggest the authors to rather stay closer to their data and make more specific statements.
In the third introduction paragraph, “By default, it is assumed that the best alignment can be achieved
simply by displaying the sequences in the same direction and inserting gaps where needed. This
assumption is largely valid when working with exons or proteins of morphologically complex eukaryotes.
However, in microbes this assumption is violated...” I feel the meaning of “assumption” in each of these
sentences is a moving target. If they are talking about orthologous sequences, the analysis of orthologs
should hold for both eukaryotes and prokaryotes. The key here, I guess, is the comparison of ortholgs,
versus, the comparison of exenologs even non-homologs. Another minor point is the use of “microbes”,
which can mean, bacteria, archaea, and small-eukaryotes. I don’t think it is a good word to use here.
The authors did not justify the use of the 143 genomes. It seemed that they were inherited from their
previous study conducted some time ago, and likely skewed in terms of taxon-sampling. Since
taxon-samping is important for tree-like phylogenetic analysis, it would be nice to address how the
improved (or more balanced) taxon-sampling can benefit the network analyses.
The authors wrote “... in agreement with previously published studies; as such, this tree represents reality
as presently understood, i.e., is biologically correct”. The use of words such as reality, biologically correct
here, is inappropriate.
The data of Wigglesworthia, Coxiella and others are of potential interest. The readers would definitely
appreciate some real data analyses to address them, which are currently lacking.
The cited references are relatively recent and skewed. Some of the older and more influential papers
need to be added (for both networks and alignment free).
I have read this submission. I believe that I have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however I have significant reservations, as outlined
above.
 No competing interests were disclosed.Competing Interests:
Author Response (  ) 15 Dec 2016Member of the F1000 Faculty
, Institute for Molecular Bioscience, The University of Queensland, AustraliaCheong Xin Chan
Thank you for these comments.
The link between Haeckel’s ideas and the construction of networks using -mersk
was not made strong in the current version of the manuscript.
The work we present here is a proof-of-concept for a biologically informative network based on k
-mers extracted from whole-genome sequences. We hope to convince readers that dynamic
visualization of such a network is intuitive for exploring and addressing biological questions, aiding
discovery. The paper is part of a special collection of F1000Research articles in phylogenetics,
commemorating the 150th anniversary of Ernst Haeckel’s Tree of Life published in 1866. Here we
argue that by using -mers we can recapitulate phylogenetic signal, somewhat in the same spirit ask
Haeckel famously argued that “ontogeny recapitulates phylogeny”. More precisely, our claim is that
“increasing the threshold based on the proportion of shared -mers recapitulates the progressivek
separation of genomic lineages in evolution”. Full consideration of Haeckel’s work in the context of
Darwinian evolution then and today is well beyond the scope of our brief paper, although we cite
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Darwinian evolution then and today is well beyond the scope of our brief paper, although we cite
some key references.
The authors … stated that the sequence alignment approach “ignores important
evolutionary processes that are known to shape the genomes of microbes”
followed by mentioning recombination, genome rearrangement, and lateral gene
transfer. This is not accurate, as sequence alignments can also be used to
reconstruct web-like phylogenetic relationships, which are sometimes called
phylogenetic networks (e.g., Huson and Bryant 2006). I think it is important to
carefully define and compare the networks mentioned in this manuscript and the
phylogenetic networks mentioned by Huson and Bryant. Along this line,
approaches based on sequence alignments might not all assume tree-like
relationship.
We agree and have now rewritten part of the Abstract to stage our argument more clearly: genomic
processes in microbes can undermine the assumptions that underlie multiple sequence alignment,
hence phylogenetic inference as usually practiced. We have now cited other articles on
phylogenetic networks in the text where appropriate, specifically Huson and Bryant  and Kunin et
. Comprehensive comparison of -mer-based and (alignment-based) phylogenetic networks isal. k
important but, due to its complexity, beyond the scope of this paper; we have now clarified this in
the revised text.
The authors mentioned evolutionary events, such as recombination, genome
rearrangement, and lateral gene transfer … but did not provide detailed evidence
on whether k-mers can tackle them all. I suggest the authors to rather stay closer to
their data and make more specific statements.
In Chan  and Bernard  we provided detailed evidence that alignment-free approacheset al. et al.
based on -mers, at multi-genome scale, can be robust to insertions/deletions, genomek
rearrangement and lateral genetic transfer; these articles are cited where appropriate.
In the third introduction paragraph, “By default, it is assumed that the best
alignment can be achieved simply by displaying the sequences in the same
direction and inserting gaps where needed. This assumption is largely valid when
working with exons or proteins of morphologically complex eukaryotes. However, in
microbes this assumption is violated...” I feel the meaning of “assumption” in each
of these sentences is a moving target. If they are talking about orthologous
sequences, the analysis of orthologs should hold for both eukaryotes and
prokaryotes.
We have now revised the text to make it clear that the main assumption underlying multiple
sequence alignment, i.e. that the alignment columns display homology position-by-position along
the length of the sequences, is largely valid when working with highly conserved orthologs of any
source; and that the validity of this assumption is often undermined in the case of microbial
genome sequences, due to recombination and rearrangement.
Another minor point is the use of “microbes”, which can mean, bacteria, archaea,
and small-eukaryotes. I don’t think it is a good word to use here.
We used the word “microbes” here specifically to include archaea, bacteria and microbial
eukaryotes. Genomes of many microbial eukaryotes are known to be impacted by lateral genetic
transfer, at frequencies sometimes nearly as large as in bacteria and archaea.
The authors did not justify the use of the 143 genomes. … Since taxon-sampling is
important for tree-like phylogenetic analysis, it would be nice to address how the
improved (or more balanced) taxon-sampling can benefit the network analyses.
Here we used the 143-genome dataset because the phylogenetic relationships among these
genomes have been studied using careful alignment-based methods  and by alignment-free
approaches ; it thus provides a good reference for comparison. We have now clarified this in the
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approaches ; it thus provides a good reference for comparison. We have now clarified this in the
text. In our alignment-free network, each edge represents the qualitative evidence of -mersk
shared pairwise between two genomes. This evidence is not affected by other genomes present in
(or absent from) the dataset. Therefore, our networks are not affected by taxon-sampling biases of
the sort encountered in tree inference. Of course, the presence or absence of a critical node
(genome) might affect the biological conclusion we draw from a network, but the same is true for
any scientific analysis. We considered the effect of phyletic balance on the inference of lateral
genetic transfer networks in another context .  
The authors wrote “... in agreement with previously published studies; as such, this
tree represents reality as presently understood, i.e., is biologically correct”. The use
of words such as reality, biologically correct here, is inappropriate.
We agree and now state that “as such, this tree captures most of the major biological groupings of
Bacteria and Archaea as presently understood”.
The data of ,  and others are of potential interest. TheWigglesworthia Coxiella
readers would definitely appreciate some real data analyses to address them, which
are currently lacking.
A follow-up analysis between  and  would indeed be interesting, but isWigglesworthia Coxiella
beyond the scope of this Research Note, the aim of which is to present limited findings in hopes of
inspiring and encouraging others to explore this research area.
Some of the older and more influential papers need to be added (for both networks
and alignment free).
We have now cited older, relevant references in the text for both networks  and alignment-free
methods .
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Phylogeny reconstruction is a classical research topic in bioinformatics. In this context the standard
trade-off between speed and accuracy becomes a choice between slow but accurate sequence
alignment on the one hand and fast but less accurate alignment-free methods on the other. Bernard et al.
aim for speed and use an established alignment-free measure, D_2, to reconstruct the phylogeny of 143
Bacteria and Archaea from full genome sequences. D_2 is based on the number of shared -mers, andk
the main contribution of the paper is the visualization of the D_2 distance matrix of the 143 taxa as a
network rather than the traditional bifurcating tree. This visualization is dynamic in the sense that the user
can choose a similarity threshold between 0 and 10, and watch as the taxa disintegrate from initially two
clusters to essentially every taxon on its own. This is an innovative way of presenting large-scale
evolutionary relationships, and the tool is fun to use. As the authors remark, it is unclear how the D_2
metric scales with more familiar measures of evolutionary time such as substitutions per site. It would thus
be interesting to explored this in future work; for example by supplying a version of the visualization tool
that allows users to upload their own sequences. I was also wondering how the networks generated by
Bernard  compare to established methods of network-based evolutionary analysis such as SplitsTreeet al.
and minimum spanning trees. I realize that these are both usually based on alignments, but it is always
possible to analyze a given alignment using D_2, thereby allowing a direct assessment of the accuracy
lost (if any) for the speed gained.
I have read this submission. I believe that I have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
 No competing interests were disclosed.Competing Interests:
Author Response (  ) 15 Dec 2016Member of the F1000 Faculty
, Institute for Molecular Bioscience, The University of Queensland, AustraliaCheong Xin Chan
Thank you for these comments. Indeed, the correlation between D2 metrics and evolutionary
distances is an interesting area, and a tool that allows users to upload their own datasets would be
useful. A comparative analysis between a -mer-based network and a phylogenetic network basedk
on multiple sequence alignment, although doable, is not straightforward. We believe the adoption
of alignment-free methods in phylogenetic inference is still in its infancy, and we hope that this
work will inspire and encourage other researchers to pursue this approach. 
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